Increased age is associated with a higher risk of thrombotic events. The aim of this study was to investigate the age-related changes in hemostasis before and after moderate exercise controlled by individual anaerobic threshold as recommended for rehabilitation training. In this study, 24 young (25 + 1 years) and 24 middle-aged healthy nonsmokers (48 + 1 years) underwent an individualized exercise test with 80% of individual anaerobic threshold (young individuals: 127 + 6 W; middle-aged individuals: 128 + 5 W; values are expressed as mean + standard error of mean) for 60 minutes. The blood samples were collected before and after the exercise. The age-related higher (P .05) levels could be detected in factors II, VII, VIII, IX, XI, XII, prothrombin fragment 1þ2, in tissue plasminogen activator antigen and activity, as well as in plasminogen. The relative exercise-induced increases in these parameters were similar in both groups, although beginning at a higher level for those in the middle-aged group. A statistically enhanced increase after exercise in the middle-aged group could be shown in prothrombin fragment 1þ2 (young individuals: 98 + 6 to 102 + 6 pmol/L; middle-aged individuals: 138 + 7 to 156 + 8 pmol/L) and in thrombin-antithrombin complex (young individuals: 2.2 + 0.1 to 3.1 + 0.2 mg/L; middle-aged individuals: 2.4 + 0.3 to 3.9 + 0.6 mg/L); the latter only showing a tendency. The data show the age-related changes with a rise in blood coagulation and fibrinolysis in a healthy middle-aged group compared with younger participants. Moderate exercise leads to comparably relative increases in hemostatic parameters but starting at higher levels. However, the exercise-induced thrombin generation (prothrombin fragment 1þ2) is enhanced in the middle-aged participants in comparison with younger participants, but may be compensated by a sufficient fibrinolysis, and therefore the hemostatic system remains in balance.
Introduction
It is well established that acute thrombotic events are more pronounced in aged persons than in younger individuals. 1, 2 The age-related alterations in the function and structure of the endothelium, which are associated with changes in the balance of the hemostatic system including platelets, coagulation, and fibrinolytic function 3, 4 might be the causes of a rise in thrombotic events.
This study was performed to investigate and compare the hemostatic balance in young and middle-aged participants. The question whether the coagulation activity is upregulated in older individuals or conversely an impaired fibrinolytic capacity exists is still unanswered. Some authors 1, 3, 4 have proposed that coagulation is upregulated with increasing age due to the higher plasma levels of factor VIII (FVIII), prothrombin fragment 1þ2 (F1þ2), thrombin-antithrombin complex (TAT), fibrinogen, and shortened activated partial thromboplastin time (aPTT). Others have detected an increased expression of the main plasminogen activator inhibitor (PAI) in the elderly individuals, 5, 6 which indicates an impaired fibrinolysis. However, investigations have also been able to detect higher tissue plasminogen activator (tPA), plasmin-a2-antiplasmin complex (PAP), and dimerized plasmin fragment D (D-dimer) concentrations as a result of ageing. 6, 7 Because patients with cardiovascular diseases [8] [9] [10] and both men and women, 7, 10 have been included in many cases, the influence of age on the hemostatic system is speculative. Furthermore, it seems clear that stress conditions, such as intensive physical activity, enhanced thrombotic risk, especially in untrained individuals. 11 However, most studies on the age-related changes in the hemostatic system determine coagulation and fibrinolytic parameters under resting conditions. [5] [6] [7] 12 The aim of this study was to (a) investigate the defined age-related effects in particular, by comparing healthy, middle-aged men with healthy young men and (b) determine the aged-related changes in the activation of the hemostatic system after moderate exercise at levels recommended for prevention and rehabilitation training in a healthy middle-aged group.
The age-related changes are thought to exist in healthy people at rest. However, we suppose that moderate exercise does not lead to further unfavorable alterations in the hemostatic system in elderly healthy individuals.
By using an exercise intensity appropriate to the individual anaerobic threshold (IAT) and a standardized duration of 60 minutes, we assured that all participants realized the same individual workload, had comparable exercise-induced activation, and made it possible to compare our results with other investigations. [13] [14] [15] [16] By including only healthy men in our study, and by matching the 2 age groups for body composition and fitness level, it was possible to show exclusive changes both at rest and after moderate exercise depending on the age.
Methods

Participants
The study groups included 24 young and 24 middleaged healthy untrained men matched for fitness (oxygen uptake, maximum power) and body composition. Physical characteristics of the 48 nonsmoking participants are shown in Table 1 . Both the groups were not statistically different regarding the anthropometric, fitness, blood pressure at rest, and other main characteristic data, with the exception of age and maximal heart rate (HR). A basic physical examination of the participants, electrocardiographic and blood pressure measurements at rest as well as the routine laboratory status and blood coagulation standard tests did not reveal any pathological findings. Participants did not take any medication 6 weeks prior to start of the study, until the end. Participants who had any pathological findings in the basic physical examination, or took any medication, were not included in this intervention.
Procedures used in this study were approved by the Ethics Committee of the Faculty of Medicine of the Friedrich-Schiller-University Jena. Written informed consent was obtained from each participant prior to the start of the study.
Maximal Exercise Test
All individuals performed an incremental graded exercise on a cycle ergometer (step test, start 50 W, every 3 minutes an increase of 25 W until volitional exhaustion) to measure the peak oxygen uptake (VO 2 peak) and the IAT, 1 to 2 weeks before beginning the tests. Data are shown in Table 2 . Oxygen consumption was measured at 0.5-minute intervals using an open spirometric system (Oxycon beta; Jaeger, Hoechberg, Germany). Capillary blood samples were collected from the previously hyperemized ear lobe at rest, at the end of each level of exercise, and at the end of the 1st, 3rd, 5th, and 10th minute of the recovery period. Lactate concentrations were measured by EBIO plus (Eppendorf, Hamburg, Germany). 
Moderate Exercise
Endurance tests at 80% of the previously defined IAT for 60 minutes were carried out and all participants achieved this exercise duration time. Moderate exercise tests were performed between 8 AM and 12 PM in the laboratory. For measuring the lactate by EBIO plus, capillary blood samples were collected from the hyperemized ear lobe at rest, after 30 minutes, and at the end of the exercise. The heart rate was detected at rest and following every 10 minutes of exercise (Polar Electro, Kempele, Finland).
Laboratory Analysis of Control Parameters
Blood samples (serum) for the determination of control parameters were collected after at least a 10-hour overnight fast. The parameters such as serum cholesterol and triglycerides were determined enzymatically (Ortho Clinical Diagnostics, Neckargemü nd, Germany), the low density lipoprotein and the very low density lipoprotein were calculated by Friedewald's formula. For assessment of adrenaline and noradrenaline both at rest and after physical exercise, 9 mL of blood was added to 16 IU heparin/mL, and the parameters were determined by enzyme-linked immunosorbent assay (ELISA; IBL, Hamburg, Germany).
Blood Sampling and Laboratory Methods of Coagulation and Fibrinolytic Parameters
Blood samples were collected on exercise days, after a minimum 10-hour overnight fast and a small standardized breakfast, by a clean venipuncture (20-gauge needle) from an antecubital vein under controlled venous stasis (<30 seconds) of 40 mm Hg after 30 minutes rest and immediately after exercise. All venipunctures were taken in supine position. Multiple aliquots of plasma were snap-frozen and stored at -80 C until analysis. All samples from the same individual were measured using the same assay.
To measure the hematocrit (Act-Diff; Beckman Coulter GmbH, Krefeld, Germany), 2.7 mL of blood was added to 0.3 mL citrate solution and 0.106 mol/ L trisodium citrate solution. The hematocrit before and after exercise was determined to calculate the changes in plasma volume for F1þ2, TAT, PAP, D-dimer, tPA antigen, and PAI-1 antigen as described in the literature. 18 To determine PAI-1 antigen and PAI-1 activity (PAI-1 Antigen, PAI-1 Actibind; Technoclone GmbH, Vienna, Austria), 2.61 mL of blood was added to 0.29 mL of CTAD (citrate, theophylline, adenosine, dipyridamole) solution (Sarstedt, Nü mbrecht, Germany).
For the assessment of tPA antigen (tPA Ag) and tPA activity [(tPA Act) t-PA Combi Actibind; Technoclone GmbH], 4.5 mL of blood was added to 0.5 mL of stabilyte solution (citric acid and trisodium citrate, pH 4.3, Sarstedt).
To 1 mL of 0.106 M trisodium citrate, 9 ml of blood was added for the assessment of prothrombin time (PT), aPTT, and FVIII using Thrombotrack 4 (Nycomed, Taastrup, Denmark), with Technoplastin HIS, DAPTTIN TC, and FVIII deficient plasma, immunads (Technoclone GmbH) and for the assessment of F1þ2, TAT, PAP, and D-dimer via ELISA (Enzygnost F1þ2micro, Enzygnost TATmicro; Dade Behring, Marburg, Germany and PAP Complex ELISA Kit, Technozym D-Dimer; Technoclone GmbH). ELISAs were measured using Dynatech MR 4000 (Dynex, Denkendorf, Germany). The intra-and interassay coefficients of variation for the ELISA kits were below 5% and 10%, respectively. In addition, the assessment of FII and FVII based on PT assay as well as FIX, FX, FXI, and FXII based on the activated partial thromboplastin time assay (all corresponding factor deficient plasma, HemosILTM; Instrumentation Laboratory, Kirchheim, Germany) and plasminogen (HemosILTM) were performed by IL Coagulation System (ACL TOP; Instrumentation Laboratory). The intra-and interassay coefficients of variation for the assessment of coagulation factors and plasminogen were below 5%. showing the total amount of thrombin generated in the plasma, and the curve that displays after mathematical subtraction of a2M-IIa (the endogenous thrombin potential, ETP), were determined according to Hemker et al. 19, 20 The method was modified by Prasa et al. 21, 22 For these tests, the intraassay coefficients of variation were below 3% and interassay coefficients below 4%.
Measurement of Thrombin Generation
Statistics
Results are reported as mean value and standard error of mean (mean + SEM). Using the Kolmogorov-Smirnov test, all data showed a normal distribution, and the Levene test demonstrated homogeneity of variances. The analysis of variance for repeated measurements was used to test differences between the groups before and after exercise and to determine the exercise-induced changes in the hemostatic system. Differences between the groups in anthropometric and performance parameters 
Results
Performance Data
Maximum power, VO 2 peak, and maximum lactate were measured during the maximal test, and no differences were observed between the groups ( Table  2 ). The individual anaerobic threshold (W), detected at 80%, was the same in both groups. Only maximal HR was lower in the middle-aged group. Heart rates and metabolic changes measured at the end of the moderate endurance exercise are shown in Table 2 . Metabolic changes underline a moderate aerobic exercise because lactate concentrations were still low at the end of the exercise and there was no evidence for an anaerobic metabolism. Catecholamines, adrenaline, and noradrenaline were elevated in both the young and aged group postexercise. A significant (P .05) influence of age was shown postexercise for both. Plasma adrenaline concentrations were significantly lower and noradrenaline concentrations significantly elevated in the older group (Table 2) . Changes in the hematocrit were similar in both the groups. Independent of age, the values of the hematocrit increased significantly (P .05) postexercise (young: rest 0.40 + 0.01 to post 0.43 + 0.01 L/L vs. middle-aged: rest 0.41 + 0.01 to post 0.44 + 0.01 L/L).
Blood Coagulation
Clear differences between both the groups were observed for FII, FVII, FVIII, FIX, FXI, FXII, and F1þ2. (Table 3 ). All parameters were significantly increased with age (P .05). These results indicate a slightly elevated coagulation activity at rest in the middle-aged persons. Exercise led to comparably relative increases in most of the coagulation parameters in both groups, but each starting at a higher basic level in the middle-aged group (Table 3) . Only F1þ2 show a statistically higher elevation after exercise in the middle-aged group, and this result was, in tendency, confirmed by the changes of TAT.
Fibrinolysis
The age-related differences with an increase in the fibrinolytic parameter could be shown in tPA Ag and Act as well as in plasminogen concentrations (P .05). Exercise led to the well-known changes that were similar in both the groups. Comparable with the results of the coagulation parameters, the relative percentage change in the fibrinolytic parameters after exercise were the same, with the exception of higher initial starting levels of tPA and plasminogen. Only the increase in PAP was lower in the middleaged group, but this was statistically not relevant ( Table 4 ). All the current data were collected from December to March.
Discussion
The mechanisms behind an increased risk for atherothrombotic disease with age are not yet completely understood. Intensive exercise seems to increase thrombotic events in aged persons, but clear evidence for an unbalanced hemostatic system does not exist. The aim of this intervention study was to evaluate hemostatic balance in 2 different age groups both at rest and during physical exercise at levels recommended by prevention and rehabilitation standards. By only including the healthy untrained men with comparable fitness levels and performing an individualized adapted exercise test for about 60 minutes using IAT, determination of the age-related effects was possible. It is well known that vascular alterations and other diseases, as well as lipid levels, body mass index, the fitness level itself, and the type of exercise, its length and intensity, all influence coagulation and fibrinolysis. 16, [23] [24] [25] [26] Many of these confounders could be eliminated by the study design used.
Blood Coagulation
Numerous coagulation parameters were significantly increased with age in this study. These results are comparable with van den Burg et al, 27 showing increases in F1þ2 and fibrinogen with age. They describe the existence of a less favorable hemostatic profile in aged persons, 27 resulting from a higher coagulation activity. The literature also describes a clear age-related increase in coagulation parameters such as fibrinogen, FVIII, TAT, and FXa. 1, 4 Due to the fact that many hemostatic factors are influenced by endothelial dysfunction and vascular inflammation, increases in markers for an in vivo thrombin generation could be a result of a low-grade inflammatory state and preclinical vascular injury. 28, 29 In addition to the hypothesis of subclinical damage in vascular structure, Kurachi et al 30 analyzed the gene expression in FIX and identified 2 essential age-regulatory elements that are sufficient for age-associated elevation in messenger RNA (mRNA) levels. In aged mice, they detected rising mRNA levels that correlate with FIX plasma levels. 30 It becomes apparent that there are concepts that attempt to explain the age-related changes in the hemostatic system, but no identifiable mechanism has been established until now. The moderate physical activity induces a further increase in coagulation activity as comparable with other studies. This increase affected most of the coagulation parameters measured in the study. However, it is interesting that the relative increase in percentage was nearly the same in both the groups; the difference was that the age-related parameters started at a higher level in the aged group. The influence of age did not increase the exercise-induced effects on these parameters. However, the thrombin generation as measured by F1þ2 shows a combined influence of age and exercise and lead to a higher exercise-induced effect in the middle-aged group compared with the younger group, although this change resides within the normal range. This result might be confirmed by the changes in TAT, but this was not statistically relevant. Taken together, age lead to an increase in numerous coagulation parameters, and the combined effect of age and exercise comes along with an additional thrombin generation.
Fibrinolysis
This investigation found the age-related increases in tPA antigen and activity and increased plasminogen concentrations. From the literature, we know that fibrinolytic activity is enhanced in aged persons, detected by increased D-dimer, PAP, 1, 4, [31] [32] [33] or higher tPA Ag. 7, 32 The investigation by van den Burg et al 27 shows the differences between 3 age groups for tPA Ag and PAI-1 Ag, which increased with age. In addition, an elevated tPA release after desmopressin stimulation with age could be shown. 34 However, investigations that have found a decreased tPA Ag release in older persons 6 and reduced tPA Act in aged women exist. 35 A similar tPA Act, but increased PAI-1 Act in aged compared with young persons was detected by Stratton et al. 36 To explain elevated PAI-1 concentrations, Yamamoto et al investigated the PAI-1 gene expression. Their results could not be explained by gene expression alone, which is not increased with age, but was significantly induced by the age-related changes in cytokines and hormones, including tumor necrosis factorÀa, transforming growth factorÀb, angiotensin II, and insulin, which positively regulate gene expression. 3 The current study shows that exercise induces a significantly more pronounced increase of tPA Ag and tPA Act in the middle-aged healthy men. The significant differences between catecholamine concentration postexercise in these young and aged individuals cannot explain the rise in tPA. Iacoviello et al 37 described an increase of tPA release in aged rats after stimulation with adrenaline. They suggest that elevated tPA Act in aged rats could be a marker for endothelial dysfunction because of continuous stimulation of the endothelium by circulating substances, such as adrenaline. Current results show significantly lower adrenaline concentrations in the aged compared with the young persons after moderate exercise. However, van den Burg et al 27 found the exercise-induced changes for tPA Ag and Act, PAI-1 Act, PAP, and D-dimer, but they could not find any dependency on age. Similar to the results in blood coagulation, it is interesting that the relative percentage increase of tPA as well as most of the other fibrinolytic parameters after moderate exercise is nearly the same and independent of age. A combined effect of age and exercise could not be detected. The reason for a lower increase of PAP after exercise in the middle-aged group cannot be explained by a compatible change in tPA, but this difference was not statistically relevant.
All current results apply only for the included Caucasian male study population and for the described exercise conditions of moderate physical activity and do not give evidence for other ethical groups, women, or any other exercise types, durations, or intensities.
Conclusion
Our results implicate age-related increases in numerous coagulation and fibrinolytic parameters. Exercise leads to a well-known increase in coagulation and fibrinolytic parameters, but in most cases the percentage relative increase was independent of age and nearly the same in both the study groups. However, the thrombin generation during exercise as measured by F1þ2 was higher in the middleaged group, which highlights a combined effect but the F1þ2 concentration still remained in the normal range and could be compensated by a sufficient fibrinolysis. Although coagulation increases with age, a moderate exercise intervention based on prevention and rehabilitation standards of about 60 minutes and individualized by IAT (80%) does not increase the risk for acute thrombotic events in the middle-aged persons.
